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Abstract—Distributed secondary control plays an 
important role in DC microgrids, since it ensures system 
control objectives, which are power sharing and DC bus 
voltage stability. Previous studies have suggested using a 
control architecture that utilizes a parallel secondary bus 
voltage and current sharing compensation. However, the 
parallel controllers have a mutual impact on each other, 
which degrades the transient performance of the system. 
This paper reports on an alternative distributed secondary 
control architecture and controller design process, based 
on small signal analysis to alleviate the mutual effect of 
the current sharing and bus voltage compensation, and to 
improve the transient response of the system. 
Experimental results confirm the improved transient 
performance in the current sharing control and DC bus 
voltage stability utilizing the proposed control 
architecture. 
 
Index Terms—Distributed control, droop control, 
microgrids, power sharing and voltage stability. 
 
I. INTRODUCTION 
N recent years, the development of power electronics 
technology has made DC microgrid architectures and 
control a promising area for researchers. DC microgrids 
possess competitive control advantages over AC microgrids, 
including low transmission loss and simple control algorithms 
because there is no reactive power flow, frequency regulation, 
and synchronization [1]-[3]. 
In DC microgrids, the traditional control methodology is 
voltage droop control. Different types of droop control are 
found in the literature [4]-[6]. Droop control is widely used to 
maintain the proportional current sharing between distributed 
resources by reducing their output voltage, following a 
predefined droop characteristic. Thus, the enhancement of 
droop control in the current sharing attenuates the DC bus 
voltage stability [7]-[14]. An increment in droop parameters, 
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for instance, results in increased accuracy of the current 
sharing, but an increased bus voltage drop. Comparatively, a 
reduction in droop parameters results in a decreased bus 
voltage drop, but inaccuracy in current sharing. Consequently, 
advanced methods based on the secondary control architecture 
[7], [13], [15]-[18], have been introduced for improving the 
system’s performance. Ordinarily, the control structure is the 
combination of non-proportional current sharing compensation 
and deviated bus voltage compensation, which both generate 
the change in one input voltage reference of each power 
electronic converter. This scheme suggests accurate current 
sharing and bus voltage stability. However, it has a drawback 
of having a conflicting interest between the two control inputs 
for voltage and current compensation. The two control inputs 
have a mutual impact on each other in the system in order to 
achieve their own objective. Specifically, the adjusted voltage 
causes an unexpected transient in the current sharing and 
similarly in the bus voltage, which degrades the performance 
of the transient response of the current sharing and the DC bus 
voltage restoration. Therefore, a cascade control structure, 
which employs power sharing control as an inner loop and 
employs bus voltage control as an outer loop, is proposed to 
alleviate the aforementioned mutual control effect. 
In addition to proposing the cascade control structure, 
system modeling to support control design is implemented in 
this paper. Literature review indicates that the process from 
system modeling to controller design, based on the stability 
criteria, have yet to be fully developed.  Models for DC 
microgrids, for example, have been developed for stability 
analysis utilizing root locus in [19]-[21]; nevertheless, they 
mainly focus on stability analysis for the existing droop 
control and controller parameters instead of defining the 
secondary controller parameters based on the stability criteria. 
Hence, a model, which reflects the relationship between the 
input and output of the system to enhance the control system 
design and instantiation, is of fundamental importance. This 
paper addresses the control design subsequent to the modeling 
requirement.  
Along with the improvement of the droop control, control 
architectures for microgrids are gaining a lot of attention. 
Centralized control architectures have been proposed 
in [22]-[26]. This type of architecture proposes synchronous 
information and central control. Consequently, due to the large 
and complex nature of microgrids, including: DC distribution, 
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distributed variable load structure, and power components, the 
centralized technique becomes impractical because of: the 
possible need for real-time optimizations, dynamical changes 
of the system under plug and play operation, and reliable 
information exchange [27]. Therefore, a distributed power 
management system is required to ensure plug and play 
operation and to achieve common objectives of the systems, 
such as current sharing and bus voltage stability [28]-[32]. In 
this paper, a distributed power management control 
architecture is introduced to employ the proposed cascade 
control scheme, which fulfills the system’s objectives. 
This paper is organized as follows. Section II introduces a 
generalized distributed power and energy management 
architecture for a DC microgrid system, where the energy and 
power control tasks are classified hierarchically. The DC 
microgrid small signal model for two distributed power 
generations (DG) with power electronic converters is analyzed 
and formulated in Section III. The derived model leads to an 
alternative cascade distributed secondary control architecture, 
in which the power control is the inner loop, and the bus 
voltage control is the outer loop. Section IV presents a formal 
guideline for power and voltage control design in frequency 
domain using Bode plots. Section V details an experimental 
setup, in which the proposed control method is implemented 
and quantitatively compared against previous methods. 
Section VI summarizes the contributions of the paper.  
II. ARCHITECTURE OF DISTRIBUTED POWER MANAGEMENT 
As mentioned, a distributed architecture, which employs the 
distributed control scheme is essential in the coordination of 
DG to maintain the operation of DC microgrids under various 
scenarios. Located in the distributed architecture are the 
distributed controllers, which implement a control scheme to 
ensure that the system is properly regulated. The distributed 
architecture and conventional management scheme will be 
discussed in the following sub-sections: 
A. Distributed Architecture 
A control architecture that ensures the coordination of DG 
in microgrids can be found in a centralized manner [18]. 
Similar to the approach, but possessing a control and 
management flexibility, this paper proposes a distributed 
control architecture for a notional DC microgrid. The DC 
microgrid candidate presented in this paper includes: (1) two 
AC/DC rectifiers acting as DC power sources (DG1 and DG2); 
(2) a distributed AC load (DL1) with an internal DC/AC 
inverter; and, finally, (3) a distributed DC load (DL2) with an 
internal DC/DC converter. The DC microgrid with distributed 
control and management architecture is shown in  Fig. 1. 
In the distributed hierarchical architecture, a hierarchical 
controller is defined by three layers. Thus, each DG or load 
has three hierarchical controllers: a local controller, a power 
management controller, and an energy management controller. 
The distributed controllers in this architecture, called 
P-managers, are developed based on multi-agent technology 
[33]-[36]. The distributed power management control 
consequently is the distributed secondary control. The input to 
the P-managers is received from the energy management 
systems, appropriately called as E‑manager. The E‑managers 
determine the amount of energy supplied by each DG by 
means of generating the power command ∆𝑃𝑖
∗ (𝑖 = 1, 2) to the 
P-manager (i.e. power agent) of the DG. The power command 
∆𝑃𝑖
∗ is the result of the energy management scheme applied in 
E-managers to achieve the system objective. Energy 
management schemes can be the optimization of the 
operational cost for renewable energy systems involving 
energy storage devices [37],[38], or fuel consumption 
minimization for operation of generators in ship power 
systems [39]. Since this paper focuses on the power 
management, the distributed energy management scheme is 
not further discussed. Although energy management scheme is 
not further discussed, to generate such a power command to 
the power manager 𝑖, a simple power reference calculation is 
selected based on the nominal power of the converters as 
∆𝑃𝑖
∗ = 𝑤𝑖 ∑ ∆𝑃𝑘
𝑛=2
𝑘=1
 (1) 
where, the weight parameter 𝑤𝑖is selected as 
𝑤𝑖 =
𝑃𝑖𝑟
∑ 𝑃𝑖𝑟
𝑛=2
𝑖=1
 (2) 
where, 𝑃𝑖𝑟 is the rated power of 𝐷𝐺𝑖.  
In the distributed power management level, the P-managers, 
which are the focus of this paper, need to regulate the power 
and DC bus voltage simultaneously. The input of one 
P-manager 𝑖 in  Fig. 1 is the power reference ∆𝑃𝑖
∗ from the 
E-manager 𝑖; bus voltage deviation ∆𝑉𝑔𝑖 and supplying power 
∆𝑃𝑖 received from its local controller; and bus voltage 
deviation ∆𝑉𝑔 and power information ∆𝑃𝑗, (𝑗 ≠ 𝑖) received 
from neighbors through a communication channel. The tasks 
of the P-manager are to follow the power command ∆𝑃𝑖
∗ from 
the E-manager, and to minimize the DC bus voltage deviation 
∆𝑉𝑔. The outputs of the P-manager are the voltage command 
∆𝑉𝑖
∗ sent to the local controller of the power electronic 
converter to perform the voltage and current regulation for the 
desired terminal voltage of the converter, which adjusts the 
power sharing and achieves the desired bus voltage stability. 
B. Conventional Power Management Scheme 
To proper regulate the power sharing among DG and 
stabilize the DC bus voltage, a power management control 
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scheme is required. The conventional power management 
control (secondary control) for a converter 𝑖 (𝐶𝑂𝑁𝑉𝑖) shown 
in Fig. 2 varies the converter’s voltage reference 𝑉𝑖
𝑟𝑒𝑓
 as 
follows [7]: 
𝑉𝑖
𝑟𝑒𝑓 = 𝑉𝑖
∗ − 𝑅𝑑𝑖𝐼𝑖 + 𝛿𝑉𝑖 + 𝛿𝐼𝑖 (3) 
where 𝑉𝑖
∗  is a fixed voltage reference of the converter, 𝐼𝑖 is the 
current sharing, 𝑅𝑑𝑖 is the virtual impedance, and 𝛿𝑉𝑖 and 𝛿𝐼𝑖 
are the outputs of the secondary voltage and current 
controllers. The virtual impedance 𝑅𝑑𝑖 is applied as the droop 
in the primary control. The secondary voltage and current 
controllers generate the voltage reference changes 𝛿𝑉, and 
𝛿𝐼  in order to have the desired terminal voltage of the 
converter connecting to the DC bus. 
This control methodology in utilizing distributed P-manager 
utilizes additional outer bus voltage and current controllers 
𝑃𝐼𝑉 and 𝑃𝐼𝐼. Indeed, the presence of two control inputs 𝛿𝑉 and 
𝛿𝐼, which are the outputs of the voltage controller and the 
current controllers have coupling effect on each other, and 
thus restrict the transient performance of the system. As a 
result, during the transient, the enhanced performance in the 
bus voltage restoration degrades the performance in the 
current sharing and vice versa. Hence, a necessary alternative 
distributed power management structure, based on small 
signal analysis that alleviates the conflict between the voltage 
and current compensation, is analyzed and proposed in the 
next Section. 
III. DC MICROGRID MODELING 
To have a proper control design procedure to DC 
microgrids, modeling of these systems is required. DC 
microgrids modeling involves understanding the behavior of 
the system under critical disturbances, including input voltage 
variation and/or load change. As a result, a small signal model 
for a DC microgrid candidate is introduced for control design 
in this Section. 
A. Small Signal Model 
Consider a voltage source 𝑉 connecting to a DC bus, the 
relationship of the converter in a microgrid can be seen as a 
voltage source interfacing with a constant voltage load 𝑉𝑔, see 
Fig. 3. Applying the Laplace transform to the Kirchhoff’s 
circuit laws for the circuit in Fig. 3, the converter output 
voltage 𝑉 and power generation 𝑃 relationship is 
𝑃(𝑠) = 𝑉𝑔
𝑉(𝑠) − 𝑉𝑔
𝑅 + 𝐿𝑠
 (4) 
where 𝑅 and 𝐿 are the cable resistance and inductance, 
respectively. Consider a variation in converter output voltage 
∆𝑉. This results in a change in the power ∆𝑃 generated to the 
DC microgrid as shown in (5). Thus, the transfer function (6) 
derived from (5) represents the relationship of the change of 
the output voltage to the change of the output power. 
𝑃(𝑠) + ∆𝑃(𝑠) = 𝑉𝑔
𝑉(𝑠) + ∆𝑉(𝑠) − 𝑉𝑔
𝑅 + 𝐿𝑠
 (5) 
∆𝑃(𝑠)
∆𝑉(𝑠)
= 𝑉𝑔
1
𝑅 + 𝐿𝑠
 
(6) 
The previous assumption of one converter connected to a 
constant voltage load is not adequate since microgrids are 
multi-terminal connected systems, coupling voltage and 
current. Thus, to formulate the power coupling consider a 
system consisting of two converters 𝑉1 and 𝑉2 supplying 
power to a generic load with impedance 𝑍 as seen in Fig. 4. 
𝑅1, 𝑅2 and 𝐿1, 𝐿2 are the cable resistances and inductances, 
respectively. Applying the Laplace transform to Kirchhoff’s 
law for the above circuit, one obtains: 
𝑉1(𝑠) − 𝑉𝑔(𝑠)
𝑅1 + 𝐿1𝑠
+
𝑉2(𝑠) − 𝑉𝑔(𝑠)
𝑅2 + 𝐿2𝑠
=
𝑉𝑔(𝑠)
𝑍(𝑠)
 (7) 
where Z(s) is the load impedance. Development of a small 
signal model, which supports the control system design, 
requires, the utilization of differentials for voltage ∆𝑉1, ∆𝑉2 
and load disturbance ∆𝑍; and their influence in the system 
including the bus voltage change ∆𝑉𝑔, and power sharing ∆𝑃1,  
∆𝑃2. Thus, two assumptions are made for these parameter 
variations in the system (7).  
Assumption 1: Small variations of the converter’s output 
voltages ∆𝑉1, ∆𝑉2 occur while maintaining the load variation 
(∆𝑍 = 0). 
Assumption 2: Small variations in the load, ∆𝑍 occur while 
maintaining the converter’s output voltages (∆𝑉1 =  ∆𝑉2 = 0).  
Assumption 1 results in the change of the bus voltage ∆𝑉𝑔. 
Substituting the changes into (7) yields (8). 
𝑉1(𝑠) + ∆𝑉1(s) − 𝑉𝑔(𝑠) − ∆𝑉𝑔(𝑠)
𝑅1 + 𝐿1𝑠
+ 
𝑉2(𝑠) + ∆𝑉2(𝑠) − 𝑉𝑔(𝑠) − ∆𝑉𝑔(𝑠)
𝑅2 + 𝐿2𝑠
=
𝑉𝑔(𝑠) + ∆𝑉𝑔(𝑠)
𝑍(𝑠)
 
(8) 
Based on (7) and (8), the voltage change ∆𝑉𝑔 in the DC bus 
depends on ∆𝑉1, ∆𝑉2 via the relationship in (9). 
∆𝑉𝑔(𝑠) =
(𝑅2 + 𝐿2𝑠)∆𝑉1(𝑠) + (𝑅1 + 𝐿1𝑠)∆𝑉2(𝑠)
𝑅1 + 𝑅2 + (𝐿1 + 𝐿2)𝑠
 (9) 
Assumption 2 results in the change of bus voltage ∆𝑉𝑔. 
Substituting the changes into (7) yields (10). 
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𝑉1(𝑠) − 𝑉𝑔(𝑠) − ∆𝑉𝑔(𝑠)
𝑅1 + 𝐿1𝑠
+ 
𝑉2(𝑠) − 𝑉𝑔(𝑠) − ∆𝑉𝑔(𝑠)
𝑅2 + 𝐿2𝑠
=
𝑉𝑔(𝑠) + ∆𝑉𝑔(𝑠)
𝑍(𝑠) + ∆𝑍(𝑠)
 
(10) 
Based on (7) and (10) and multiplying by nominal grid 
voltage 𝑉𝑔𝑛, (11) is derived as 
(
−∆𝑉𝑔(𝑠)
𝑅1 + 𝐿1𝑠
+
−∆𝑉𝑔(𝑠)
𝑅2 + 𝐿2𝑠
) 𝑉𝑔𝑛 
= (
𝑉𝑔(𝑠) + ∆𝑉𝑔(𝑠)
𝑍(𝑠) + ∆𝑍(𝑠)
−
𝑉𝑔(𝑠)
𝑍(𝑠) + ∆𝑍(𝑠)
)𝑉𝑔𝑛 
(11) 
It can be seen that the right side of (11) approximately 
represents the power change in the load ∆𝑃.  
(
−∆𝑉𝑔(𝑠)
𝑅1 + 𝐿1𝑠
+
−∆𝑉𝑔(𝑠)
𝑅2 + 𝐿2𝑠
) 𝑉𝑔𝑛 = ∆𝑃 (12) 
Therefore, the bus voltage drop is given by (13): 
∆𝑉𝑔(𝑠) = −
1
𝑉𝑔𝑛
(𝑅1 + 𝐿1𝑠)(𝑅2 + 𝐿2𝑠)
𝑅1 + 𝑅2 + (𝐿1 + 𝐿2)𝑠
∆𝑃(𝑠) (13) 
As seen, there are two factors contributing to the bus 
voltage variation, which are the change in converter’s output 
voltage and the change in the load. Therefore, in this linear 
analysis the superposition principle is utilized to determine the 
total bus voltage variation ∆𝑉𝑔 by combining voltage change 
caused by the change in converter’s output voltage in (9) 
∆𝑉𝑔 = ∆𝑉𝑔1 and voltage change caused by load change in (13) 
∆𝑉𝑔 = ∆𝑉𝑔2. Thus, the bus voltage drop ∆𝑉𝑔 is expressed as 
∆𝑉𝑔(𝑠) =
(𝑅2 + 𝐿2𝑠)∆𝑉1(𝑠) + (𝑅1 + 𝐿1𝑠)∆𝑉2(𝑠)
𝑅1 + 𝑅2 + (𝐿1 + 𝐿2)𝑠
− 
1
𝑉𝑔𝑛
(𝑅1 + 𝐿1𝑠)(𝑅2 + 𝐿2𝑠)
𝑅1 + 𝑅2 + (𝐿1 + 𝐿2)𝑠
∆𝑃(𝑠) 
(14) 
The variations in power exchange between converters and 
loads are shown in (15). 
∆𝑃1(𝑠) =
∆𝑉1(𝑠) − ∆𝑉𝑔(𝑠)
𝑅1 + 𝐿1𝑠
𝑉𝑔𝑛 
∆𝑃2(𝑠) =
∆𝑉2(𝑠) − ∆𝑉𝑔(𝑠)
𝑅2 + 𝐿2𝑠
𝑉𝑔𝑛 
(15) 
It is noted that the derived small signal models, which are 
the relationship between the bus voltage drop ∆𝑉𝑔 and the 
power output of the converters ∆𝑃, and the relationship 
between the power sharing ∆𝑃1, ∆𝑃2 and output voltages of the 
converters ∆𝑉1, ∆𝑉2, will subsequently be utilized for the 
proposed control system design. The derived small signal 
model for the DC microgrid based on the bus voltage drop 
∆𝑉𝑔 and power exchange ∆𝑃1 and ∆𝑃2 is graphically illustrated 
via the block diagram with the transfer functions as shown in 
Fig. 5, where ∆𝑉1
∗ and ∆𝑉2
∗ are changes in voltage references 
and 𝐺𝑉1(𝑠) and 𝐺𝑉2(𝑠) are the voltage transfer functions for 
converter 1 (𝐶𝑂𝑁𝑉1) and converter 2 (𝐶𝑂𝑁𝑉2), respectively. 
B. Proposed Distributed Power Management 
The relationship in (14) between the bus voltage drop 
∆𝑉𝑔 and load change ∆𝑃  indicates that the generated power by 
the converters is taken into account for the DC bus voltage 
restoration. In addition, the relationship in (15) shows that the 
converter output voltage is the input for the power sharing 
regulation. As such, the power management diagram in the 
hierarchical distributed scheme with communication for the 
microgrid is proposed as shown in Fig. 6. In this scheme, the 
local controllers regulate the converter current and voltage 
control. There is no droop control in the primary control level. 
The distributed P-manager, after receiving the power 
command from E-manager, regulates power sharing and bus 
voltage in the microgrid. The P-manager is the cascade control 
of the inner power control loop and the outer DC bus voltage 
loop. The output of the DC bus voltage PI controller is the 
power required ∆𝑃𝑉𝑖
∗  to modify the voltage of the converters, 
which is summed up with the power demand in order to 
modify the power reference equation for each converter in (1) 
in the microgrid. The new power reference calculation ∆𝑃𝑖
∗ for 
the converter 𝑖 (𝑖 = 1, 2) is defined as follows: 
∆𝑃𝑖
∗ = 𝑤𝑖 (∑ ∆𝑃𝑖 + ∆𝑃𝑉𝑖
∗
𝑛=2
𝑖=1
) (16) 
where ∆𝑃𝑖 is the power feedback from the sending end of 
converter 𝑖, ∆𝑃𝑉𝑖
∗  is the power reference generated by the bus 
voltage controller, and 𝑤𝑖 is the weight parameter selected by 
(2) and it is implemented in the distributed E-manager 𝑖. The 
output of each of the power PI controllers are the reference 
voltages ∆𝑉𝑖
∗ (𝑖 = 1,2) for local control of each converter. 
IV. MANAGEMENT CONTROLLER DESIGN GUIDELINES 
A. Power Controller 
The open loop small signal relationships between the input 
voltage and output power of each converter derived from 
block diagram in Fig. 6  are defined as 
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𝐺𝑂𝑃1(𝑠) =
∆𝑃1(𝑠)
∆𝑉1
∗(𝑠)
=
∆𝑃1(𝑠)
∆𝑉1(𝑠)
∆𝑉1(𝑠)
∆𝑉1
∗(𝑠)
= 𝐺𝑣1(𝑠)
𝑉𝑔𝑛
𝑅1 + 𝐿1𝑠
 
𝐺𝑂𝑃2(𝑠) =
∆𝑃2(𝑠)
∆𝑉2
∗(𝑠)
=
∆𝑃2(𝑠)
∆𝑉2(𝑠)
∆𝑉2(𝑠)
∆𝑉2
∗(𝑠)
= 𝐺𝑣2(𝑠)
𝑉𝑔𝑛
𝑅2 + 𝐿2𝑠
 
(17) 
where 𝐺𝑣𝑖 (𝑖 = 1, 2) is the voltage-loop transfer function of the 
converter 𝑖. Deriving the system-level models for microgrids, 
fast dynamics of power converters with multiple-order in the 
transfer function 𝐺𝑣𝑖 are neglected. Consequently, 𝐺𝑣𝑖 can be 
considered as a delay, which is equivalent to the following 
reduced first-order model: 
𝐺𝑣𝑖 =
1
1 + 𝜏𝑖𝑠
 (18) 
where 𝜏𝑖 represents the time delay of the voltage control loop. 
To regulate the power flowing from converter 𝑖 to the DC bus, 
a PI controller is utilized, see Fig. 7. Based on the open loop 
transfer function between reference voltage of converter ∆𝑉𝑖
∗ 
with power output ∆𝑃𝑖
∗, (𝑖 = 1, 2) (17), the analysis in the 
frequency domain is utilized for the PI controller’s design 
based on the phase margin and crossover frequency 
requirements of the control system. The detailed procedure is 
conducted and validated in the Section V.  
B. Bus Voltage Controller 
Based on the input and output relationships between signals 
in Fig. 6, small signal models derived from the block diagram 
for the bus voltage control between the input power reference 
∆𝑃𝑉𝑖
∗  and output bus voltage ∆𝑉𝑔 of each converter are 
𝐺𝑂𝑉𝑔1(𝑠) =
∆𝑉𝑔(𝑠)
∆𝑃𝑉1
∗ (𝑠)
= (𝐾𝑝𝑃 +
𝐾𝑖𝑃
𝑠
)𝐺𝑣1(𝑠)
𝑍2(𝑠)
𝑍1(𝑠) + 𝑍2(𝑠)
 
𝐺𝑂𝑉𝑔2(𝑠) =
∆𝑉𝑔(𝑠)
∆𝑃𝑉2
∗ (𝑠)
= (𝐾𝑝𝑃 +
𝐾𝑖𝑃
𝑠
)𝐺𝑣2(𝑠)
𝑍1(𝑠)
𝑍1(𝑠) + 𝑍2(𝑠)
 
(19) 
where ∆𝑃𝑉1
∗  and ∆𝑃𝑉2
∗  are the power changes, resulting in the 
bus voltage deviation  ∆𝑉𝑔; 𝐺𝑣𝑖(𝑠) is the closed-loop transfer 
function of the local voltage control loop of 𝐶𝑂𝑁𝑉𝑖 (18); 𝐾𝑝𝑃 
and 𝐾𝑖𝑃 are the power PI controller parameters; and 𝑍1 and 𝑍2 
are the cable impedances. The control diagram for converter 𝑖 
of with PI controller is shown in Fig. 8. Similar to the power 
control design in the previous part, based on the small signal 
relationship between the power reference ∆𝑃𝑉𝑖
∗  and the bus 
voltage deviation ∆𝑉𝑔, an analysis in the frequency domain 
utilizing Bode plot is implemented based on the phase margin 
and crossover frequency design criteria of the bus voltage 
restoration control system. Details about the design procedure 
for a study case are explained in Section V.  
V. CASE STUDY 
To compare and validate the effectiveness of the proposed 
control algorithm with control design procedure, an 
experimental system that represents a DC microgrid is setup. 
Then, the power management controllers are designed. Next, 
the control parameters are then tested to verify the transient 
performance of the proposed algorithm. Subsequently, to 
compare and contrast the proposed control against the 
conventional control, the conventional control is implemented 
using the same parameters and operating conditions; where the 
voltage controller’s gains are varied within a range of 
applicable values. The purpose of the experimental study is to 
verify that there is a mutual effect between the current and 
voltage controllers in the conventional scheme, which is 
mitigated in the proposed controller. 
A. System Description 
The system illustrated in Fig. 9 is a 400V DC microgrid, 
which includes two Neutral Point Clamped (NPC) converters 
that are controlled in order to share the power proportional to 
their rated power (𝑃𝑁𝑃𝐶1: 𝑃𝑁𝑃𝐶2 = 2: 1). The two NPC are 
powered by two AC transformers, which connect to the same 
AC source in the laboratory. In details, 4kW is assumed rated 
power for 𝑁𝑃𝐶1, and 2kW is assumed rated power for 𝑁𝑃𝐶2. 
The distributed loads connected to the DC bus are 4kW 
(NHR9200) and 2kW (BK Precision DC load), respectively. 
The communication between two DSPs, TMS28335, for each 
𝑁𝑃𝐶 is achieved via CAN at a rate of 1Mb/s. The information 
exchanged between the DSPs are the terminal bus voltages 
𝑉𝑁𝑃𝐶1 and 𝑉𝑁𝑃𝐶2, and the output currents 𝐼𝑁𝑃𝐶1 and 𝐼𝑁𝑃𝐶2. The 
data acquisition and control system activation commands via 
CAN using the computer is implemented through the Kvaser 
Leaf Light v2. The three-level active rectifier (NPC) with the 
control algorithm instantiated in the d-q frame [40] is shown 
in Fig. 10. The system parameters for the DC microgrid are 
listed in TABLE I.  
B. Distributed Controllers Design 
1) Power controller design 
The open-loop relationship in (17) between the change in the 
output power ∆𝑃𝑖 and the change in the input voltage reference 
change ∆𝑉𝑖
∗ (𝑖 = 1, 2), has a crossover frequency 
of 𝜔0𝑐 =  116.6 𝑟𝑎𝑑/𝑠. The criterion is to have the system 
response as approximately fast as the open-loop system in the 
closed-loop design. Thus, the crossover frequency for the 
controller design is selected as 𝜔𝑃𝑐 = 100 𝑟𝑎𝑑/𝑠. The phase 
ΔVi
*(s) ΔVis) ΔPi(s)
PI
-
ΔPi
*(s)
Gvi(s)
Ri+Lis
Vgn
 
Fig. 7. Power control loop for one energy resource. 
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Fig. 8. Bus voltage control loop for one energy resource. 
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Fig. 9. Experimental setup. 
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margin is chosen as 𝜑 = 700 to ensure that the closed-loop 
system is stable under disturbances or uncertainties. Based on 
the frequency response (Fig. 11a) with the specified criteria, 
the desired power PI controllers’ parameters for the NPC are 
𝐾𝑝𝑃 = 0.001 and 𝐾𝑖𝑃 = 0.130.  
2) Bus voltage controller design 
The bus voltage control, which is the outer loop of the 
power control loop, has a slower transient in comparison to the 
power control. In cascade control, the bandwidth of the outer 
loop is selected as 10 times approximately smaller than the 
one of the inner loop. Thus, the bus voltage control crossover 
frequency is selected as 𝜔𝑉𝑐 = 0.1𝜔𝑃𝑐 = 10 𝑟𝑎𝑑/𝑠. The 
phase margin is chosen as 𝜑 = 700 to ensure system stability. 
Based on the small signal model in (19), the relationship 
between the terminal bus voltage deviations ∆𝑉𝑔𝑖 and the 
change in the input power reference ∆𝑃𝑉𝑔𝑖
∗   (𝑖 = 1, 2) is 
depicted in Fig. 11b. The desired parameters for the bus 
voltage PI controllers’ for the NPC are derived as 
𝐾𝑝𝑉  =  142.9 and 𝐾𝑖𝑉 = 563.8. 
C.  Stability Analysis 
There are possible changes in system structure, which result 
in system’s parameters changes (cable impedance changes). 
These changes possibly destabilize the system with designed 
control parameters. Thus, it is necessary to verify the benefit 
of the proposed technique in cases, where there are variations 
in the cable impedances of the system. To analyze the stability 
effect, root-locus is utilized for developed small signal models 
in (17) and (19) with their designed control parameters. In this 
analysis, cable impedance variation in one of the two voltage 
sources (first voltage source) is taken into account. 
The case assumes that there are changes in cable 
impedance, but the 𝑅1/𝐿1 ratio is assumed to be fixed as 
𝑅1/𝐿1 = 0.5/0.003. Consider that the maximum voltage 
regulation ratio between the sending end at the source terminal 
and the receiving end at the load bus terminal is 5% at 10A 
rated current supplying from the source. Therefore, the 
maximum resistance 𝑅1𝑚𝑎𝑥 can be changed as 
𝑅1𝑚𝑎𝑥 =  0.05 × 𝑉𝑔𝑛/10 = 2Ω. Suppose that different 
scenarios result in the cable resistance changes in the first 
converter as 𝑅1 varies between 0.1Ω and 2Ω. These changes 
result in the change of cable inductance 𝐿1 as it varies from 
0.6mH to 12mH because the 𝑅1/𝐿1 ratio is assumed to be 
fixed. Applied these changes to plot the root locus of the 
models shown in (17) and (19).  
As seen in Fig. 12, as the impedance increases, the pole 𝑃𝑃3 
moves toward the imaginary axis, and it becomes more 
dominant than the poles 𝑃𝑃1 and 𝑃𝑃2. The movement of 𝑃𝑃3, 
which is terminated at the value of -13.65 illustrated that the 
designed control ensures the stability of the power control 
loop in the range of impedance changes. In bus voltage 
ed
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Fig. 10. NPC topology and control diagram. 
 
TABLE I 
SYSTEM PARAMETERS 
Symbol Quantity Values 
𝑉𝐿−𝐿 NPC Input voltage 208 V (60Hz) 
𝑉𝐷𝐶 NPC Output voltage 400 V
 
𝑙𝑖 NPC input filter inductor 2.07 mH 
f Switching frequency 20 kHz 
C NPC output capacitor 380 μF 
𝑟𝑓𝑖 NPC input resistor 0.2 Ω 
𝑅𝑖 Cable  resistance   0.5 Ω 
𝐿𝑖 Cable inductance 3 mH 
𝜏𝑖 NPC voltage loop time constants 0.005 s 
 
  
Fig. 11. Bode plots of one converter. (a) power control, (b) bus voltage 
control. 
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Fig. 12. Root locus of power control (Increasing in cable impedance). 
 
Fig. 13. Root locus of bus voltage control (Increasing in cable impedance). 
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regulation, Fig. 13 shows that the two dominant poles 𝑃𝑉1 and 
𝑃𝑉2 move toward the imaginary axis but they terminate at 
𝑃𝑉1 = 1.04 + 2.65𝑖 and 𝑃𝑉2 = 1.04 − 2.65𝑖. The poles 
movement within the left half plane of the imaginary axis 
demonstrated that the bus voltage control is stable. Thus, the 
proposed method is stable and robust to the cable impedance 
changes or the changes in network structure of the system. 
D. Experimental Results and Analysis 
The expected results of the experiments are (1) 2:1 current 
sharing ratio between 𝑁𝑃𝐶1 and 𝑁𝑃𝐶2, and (2) 400 V bus 
voltage operation. The efficacy of the proposed control 
methodology is demonstrated via test cases, which all utilize 
the constant-power load profile, shown in Fig. 14. The solid 
red line represents the total load while the blue dash and solid 
yellow lines represent two distributed loads (NHR9200 and 
BK Precision). 
The test cases conducted for comparisons between the 
conventional method and the proposed method are as follow: 
The first case utilizes the proposed control method, and the 
results for the terminal voltages 𝑉𝑁𝑃𝐶1, 𝑉𝑁𝑃𝐶2, and the current 
sharing between converters 𝐼𝑁𝑃𝐶1, 𝐼𝑁𝑃𝐶2 are illustrated in Fig. 
15. To observe and analyze the mutual effect of the voltage 
and current controllers under the conventional control method, 
two other test cases utilizing conventional method are 
constructed. The first test case employed the conventional 
control architecture with the low gains in the bus voltage 
controller, which are selected as 𝐾𝑝𝑉 = 0.2, and 𝐾𝑖𝑉 = 1; to 
verify that the current sharing control is not affected by the 
bus voltage controllers with low gains. The results of this case 
are presented in Fig. 16.  The second test case makes use of 
the conventional control scheme with high bus voltage 
controller gains, which are chosen as 𝐾𝑝𝑉 = 1, and 𝐾𝑖𝑉 = 20; 
and results are shown in Fig. 17. This test case illustrates the 
improvement in the voltage control while simultaneously 
demonstrating the degradation in the current sharing in the 
conventional control’s performance. Note that in all the scope 
plots, which were recorded using a Yokagama DL850 that 
there are 100 V/major division and 5 A/major division. 
The experimental data is analyzed for the comparison 
between the proposed method and the conventional method in 
order to investigate the system’s behavior during the power 
management control activation, and load increment. Since 
there is high frequency noise in current measurement probe, 
the current data is passed through a low pass filter in Matlab to 
analyzing the transient improvement of the proposed method.  
The results from proposed method and conventional method 
with low gains in the bus voltage controllers are compared 
through Fig. 18 and Fig. 19. Current sharing results are shown 
in Fig. 18a and Fig. 19a, and terminal bus voltage restoration 
is shown in Fig. 18b and Fig. 19b, respectively. The 
notations 𝐼𝑁𝑃𝐶𝑖𝑛𝑒𝑤, 𝑉𝑁𝑃𝐶𝑖𝑛𝑒𝑤, 𝐼𝑁𝑃𝐶𝑖𝑜𝑙𝑑, and 𝐼𝑁𝑃𝐶𝑖𝑜𝑙𝑑, 𝑖 =
(1, 2) represent current supply and bus voltage of converters in 
the proposed method and conventional method, respectively. 
These figures indicate that the low gains in the bus voltage 
controller in the conventional method gives a comparable 
current response with the proposed method, because the low 
gains in the voltage control has only a small impact on the 
current control. However, the low gains of bus voltage 
controllers also result in a slower bus voltage transient 
response in comparison to the proposed method. Specifically, 
in the case of the power management control activation at 𝑡 =
5𝑠, the proposed method takes 0.25s to reach to nominal 
voltage value, while the conventional method takes 3.0s to 
reach to the nominal voltage value. In the event of a total load 
increment from 0 kW to 4kW at 𝑡 = 20𝑠, the proposed 
method takes 0.4s to restore the bus voltage, while the 
conventional method takes 3s to do the same task. 
 
Fig. 14. Dynamic load profile. 
 
 
 
Fig. 15. Current and bus voltage profile of the proposed control algorithm. 
 
Fig. 16. Current and voltage profile with low gains in the voltage controller of 
the conventional algorithm. 
 
Fig. 17.  Current and voltage profile with high gains in the voltage controller 
of the conventional algorithm. 
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As seen, the low gains in the bus voltage control of the 
conventional method have less effect in the current sharing 
control but cause a slower bus voltage restoration. To improve 
the bus voltage control, high gains in bus voltage control are 
implemented. Fig. 20 and Fig. 21 present the comparisons 
between the proposed method and the conventional method 
with high gains in the bus voltage controller. The current 
sharing results shown in Fig. 20a, and Fig. 21a; and bus 
voltage control shown in Fig. 20b, and Fig. 21b, respectively, 
represent the comparison between the conventional control 
method with high gains in the DC bus voltage controllers and 
the proposed method. The same events are implemented as the 
conventional and the proposed control are activated at 5s; and 
the total load change from 0kW to 4kW is instantiated at 20s. 
In both events, the conventional control with high gains in the 
DC bus voltage controllers achieves a reduced 0.8s settling 
time compared to 3.0s settling time of bus voltage controllers 
with the previous low gains, improving the bus voltage 
transient response. However, the 0.8s settling time achieved 
by increasing the gains in the bus voltage controller is larger 
than the 0.4s settling time obtained by the proposed method. 
Additionally, a higher overshoot for 𝑁𝑃𝐶1 is observed in the 
current transient during the load increment event (Fig. 21a). 
Therefore, the improvement in the bus voltage controller of 
the conventional method by increasing the gains also 
simultaneously degrades the performance of the current 
sharing control. Comparatively, the proposed method 
enhances the current sharing control. 
To quantify the effectiveness of the proposed method, the 
integral of time and absolute error (ITAE) criterion is utilized 
for bus voltage and current sharing control assessment. The 
bus voltage control and current sharing control are assessed by 
𝐼𝑇𝐴𝐸𝑉 (20), and  𝐼𝑇𝐴𝐸𝐼 (21) respectively. 
𝐼𝑇𝐴𝐸𝑉 = ∫ 𝑡 (𝑉𝑟𝑒𝑓 −
𝑉𝑁𝑃𝐶1 + 𝑉𝑁𝑃𝐶2
2
) 𝑑𝑡
𝑇
0
 (20) 
𝐼𝑇𝐴𝐸𝐼 = ∫ 𝑡[(𝐼𝑟𝑒𝑓1 − 𝐼𝑁𝑃𝐶1) + (𝐼𝑟𝑒𝑓2 − 𝐼𝑁𝑃𝐶2)]
𝑇
0
𝑑𝑡 (21) 
where T is the evaluation time selected as 𝑇 = 2𝑠; 𝑉𝑟𝑒𝑓 =
400𝑉 is the bus voltage reference; 𝐼𝑟𝑒𝑓1 and 𝐼𝑟𝑒𝑓2 are the 
current sharing references; and 𝑡 is time. The ITAE 
comparison in TABLE II illustrates that there is a trade-off 
 
 
Fig. 18. Transients in the proposed method, and conventional method with 
low gains in the bus voltage controller during the control activation. (a) 
current sharing, (b) bus voltage. 
 
 
Fig. 19. Transients in the proposed method and conventional method with 
low gains in the bus voltage controller during a load increment. (a) current 
sharing, (b) bus voltage. 
 
 
 
Fig. 20. Transients in the proposed method and conventional method with 
high gains in bus voltage controller during the control activation. (a) current 
sharing, (b) bus voltage. 
 
 
Fig. 21. Transient in the proposed method and conventional method with high 
gains in the bus voltage controller during a load increment. (a) current 
sharing, (b) bus voltage. 
 
 
IEEE TRANSACTIONS ON INDUSTRIAL ELECTRONICS 
 
between the current and voltage control in the conventional 
method, in which the enhanced voltage response decreases the 
performance of the current sharing response and in contrast, 
that an improved current response degrades the bus voltage 
response. The improvement of the proposed methodology is 
illustrated via the reduction in the ITAE.  
Consequently, the qualitative assessments through Fig. 18-
Fig. 21 and the quantitative analysis using ITAE shown in 
TABLE II demonstrate that the proposed control method 
improves both current sharing and bus voltage stability of the 
DC microgrid simultaneously. 
VI. CONCLUSION 
This paper addresses the transient response of the 
conventional power management control from the viewpoint 
of the tradeoff between secondary voltage and current 
controller performance. The response is enhanced by 
employing an alternative power management methodology 
derived from the small signal model of the DC microgrid. The 
controllers’ design procedure, based on the analysis in the 
frequency domain, is conducted for the specified phase 
margins and crossover frequencies of the power and bus 
voltage control systems. An extended stability study for 
variation in distribution cable impedances is conducted to 
verify the robustness of the proposed control algorithm. The 
experimental data and comparative study confirm the 
improvement in transient performance in the current sharing 
and bus voltage stability simultaneously when utilizing the 
proposed power management control. 
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